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Abstract 
Oil spill occurrence during exploration, production and distribution can cause deleterious impact 
on the environment. Contamination of local streams/rivers, farmlands, forest resources and bio-
diversity in oil producing areas presents strong significant possibility of significant harm to hu-
man health. Geo-information technologies present new opportunities for assessing stress envi-
ronment and ways of determining exposure susceptibility in such areas. The study assesses the 
geographical distribution of oil-spills cluster and pattern using three geospatial techniques with 
ground data at 443 oil-spill incident sites from 1985-2008. The places with high (high-volume/ 
large impact/close proximity to communities) and low incident (low-volume/less impact/far- 
distance) are related to the quantity of oil-spills identified within those communities considered 
susceptible to spill impact and possible exposure. While the average nearest neighborhood analy-
sis showed a probability that oil-spill distribution in the area is clustered (ratio < 1 with index 
value 0.19), the Getis-Ord General G test indicated that the oil-spill with high quantities (volume) 
discharge are significantly clustered within every 400 m. The Moran’s I index indicted that there is 
<1% likelihood that the clusters are as a result of random chance. These findings will help to 
combat the environmental problems and risks of prolong exposure to petroleum hydrocarbons by 
addressing future incidents or relocating oil facilities/communities and positioning of rapid re-
sponse strategies. 
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1. Introduction 
Oil spills are frequent in oil exploration, refining and processing units [1], thus subjecting oil producing com-
munities to unprecedented environmental degradation [2]. In the last decades, there were several incidents of oil 
spills in places like the Gulf of Mexico, Canadian marine waters [3] and Prince Williams Sound to mention a 
few. According to [4] by 1884, nearly 200 small refineries were operated in the suburbs of Baku leading to the 
emergence of places like the Apsheron Peninsula as the world’s first example of oil pollution and environmental 
negligence [5]. When oil spills occur in the environment it is difficult to recover all, some quantities remain. The 
Exxon Mobil environmental performance report in 2003 buttressed this much, when it revealed that of about 
9100 barrels of oil spilled on soil and water; only a little over 60 percent was recovered [6]. Even though the 
company claimed that majority of the spills did not affect third parties or communities around operation areas. 
In a similar incident in 1989, the Exxon Valdez [7] super-tanker which was ran aground at Alaska’s Prince Wil-
liam Sound was reported to have discharged more than 250,000 barrels of oil into the environment [8]. The oil 
spill cost the company $4.3 billion on compensatory payment, clean-up payment, settlement, and fine [9]-[11]. 
These oil spills caused harmful impact on birds and mammals living in the affected areas [12], and arctic marine 
mammals due to climate change [13]. A report from the Nigerian National Petroleum Corporation (NNPC) in 
1983 and corroborated by the United Nations Environmental Program (UNEP) report on pollution in Ogoniland 
revealed that oil contaminants have spread farther and penetrated deeper into the soil horizon from oil operation 
that has been going on in the region for over 50 years [14]. Consequently the Niger Delta is now considered the 
world’s most widely contaminated area that will require long term clean up and restoration effort.  
Fixed-point hazards such as pipeline oil spills are of great significance to nearby communities, constituting 
more problems where poverty already affects the population [15] [16]. The frequency and risk of these terrestrial 
oil spills [17] [18] have great impact on the physical and human environment [19] [20]. The distributions of cost 
and benefit of oil production are also a major factor in the problems associated with oil spills, while the benefit 
of spending less on maintenance of transportation systems only increases chances of oil spill incidents on the 
long run [21] [22]. Most times, the operators do not regularly maintain their pipelines or in most case conserve 
funds by budgeting less on maintenance, thereby giving raise to the question of pipeline integrity [2]. Although 
the cost of transportation may seem less with higher benefit, the resultant implication of this sort of approach is 
higher incidence of oil spills caused by systemic failure and environmental stress.  
There is a general concern on the hazards associated with oil and gas activities, especially on how production 
activities and pollution entrench environmental injustice [19]. Within the literature on environmental justice 
there is growing concern about the health impact associated with intensive oil and gas activities in many com-
munities [23] as well as concentration of these occurrences in poor communities [24]. Oil spill contamination is 
currently causing serious environmental and ecological challenges [25] in the Niger Delta, with direct impact on 
ecosystem services and socio-economic wellbeing of local inhabitants [21]. The human health impact from pro-
long exposure to petroleum hydrocarbon contaminants, loss of land use space to petroleum production activities 
and oil pollution has undoubtedly affected the sustainable development of oil producing communities in the 
Niger Delta. Oil spill impact can affect fishing industries [26], tourism and recreation, and socio-economic con-
dition of humans. The people’s health could be adversely affected by petroleum hydrocarbon contaminants due 
to exposure through; inhalation, ingestion and dermal contact with oil contaminated substances and food mate-
rials [27]. The oil and associated hydrocarbons can lead to death from hypothermia, smothering, drowning, and 
related diseases [28] such as cancer.  
The common cause of oil spill is operational failure (pipeline corrosion, production, poor infrastructure and 
inadequate maintenance, fault during oil processing steps), third party interference (interdiction; the attempt of 
theft or intentional vandalism) and unknown factors [29] [30]. Accidental Third Party Damage (TPD) of pipe-
lines during excavation is common in most parts of the world, but recently, intentional TPD linked to sabotage 
and illegal bunkering has been reported in places like Mexico, Colombia, Middle East, Asia and Africa [2]. “In-
terdiction” is a word used to describe deliberate act of attack, vandalism and/or sabotage [31] [32]. Interdiction 
has been reported on pipelines around the world; for instance in Indonesia, United States of America, United 
Kingdom, Canada, Iran, Iraq, Russia, former Soviet Union, Colombia, Saudi Arabia etc. [33]. Repeated sabotage 
of pipelines supplying Israel and Jordan from Egypt has also been reported [34]. Africa and specifically Nigeria 
have suffered unprecedented pipeline interdictions, with oil companies like Shell Petroleum Development 
Company (SPDC) recording an average of about 200 oil spill incidents every year since 2005 [35] [36]. In fact 
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[37] alluded to the existence of gangs going from one community to other vandalising pipelines in order to im-
pede oil companies’ ability to operate smoothly, while demanding compensation for farmlands and rivers pol-
luted by oil spills. [36] claimed that about 324,000 barrels of crude oil was spilled in 1500 incidents from its fa-
cilities from 2007-2013; 75% of these spills were attributed to sabotage/theft. The main source of spills in the 
region is the pipelines used for crude transportation, which plays very significant role in oil spill incidents [30] 
[38]. Since the main purpose of a pipeline is for liquid transportation, any damage can cause serious oil spill in-
cident. Even at that, there are thousand kilometres of onshore pipelines traversing oil producing regions for col-
lecting, distributing and redistributing large quantities of crude oil across the world [29].  
With little attention paid to onshore oil spills in developing countries compared with offshore oil spills [39]- 
[41], several oil spill incidents in remote rural areas in especially the Niger Delta have gone unreported [2]. 
These problems are particularly acute in most places due to lack of application of latest techniques or not fully 
explored. The lack of adequate information on oil spill incidents can be associated with increasing deaths, as 
people get exposed to toxic hydrocarbons indirectly (dermal contact) and directly (ingestion and inhalation 
process) [19]. Thus having proper understanding of the pattern of oil spills enables forecasting, spatial analysis 
is an important technique in addressing some of the challenges posed by these oil spills. The spatial analysis of 
the oil spill’s geographical distribution, pattern analysis, cluster or dispersion is used to assess the potential im-
pact of long term exposure by oil producing communities. It can also help combat environmental pollution, 
identify potential exposure pathways and possible source of pollution in relation to sensitive areas around oil 
production sites or prevent fire or related hazards as well as in the preservation of agricultural land, coastal and 
water bodies in susceptible areas. Therefore, in this paper, the spatial distribution of onshore oil spills in an oil 
producing area in the Niger Delta region of Nigeria is analyzed using geospatial techniques, to determine quan-
tity of oil spilled, pattern of oil spill distribution and community susceptibility to petroleum hydrocarbon conta-
mination and exposure. Understanding these would help regulators and operators in the oil and gas industry to 
address problems of social and environmental justice through appropriate allocation of scarce resources for rapid 
response, exposure mitigation, distribution of cost and benefit and promote community level participation for 
sustainable development. 
2. Description of the Study Area 
This section describes the geographical extent, demography, physical characteristics, and socio-economic condi-
tion of the study area. The present research was conducted in the Niger Delta (see Figure 1) region of Nigeria, 
which has over 37 million inhabitants, constituting about 22% of Nigeria’s population [42] with a population 
density of 265 per square km. The oil and gas resources of the Niger Delta accounts for over 85% of Nigeria’s 
gross domestic product (GDP), over 95% of the national budget, and over 80% of the nation’s wealth [43]. The 
Niger Delta region is made up of nine states with more than 1500 communities hosting several oil and gas com-
panies [44]. The region is ethnically varied and diversified with socio-political strength [45]. The region is gen-
erally rural, with few major towns like Port Harcourt, Warri and Asaba. The inhabitants live below the poverty 
line and rely on subsistence fishing and agriculture for survival [46]. The region is home to the oil wealth that 
made Nigeria the highest producer of petroleum in Africa, and the sixth in the world [47]. 
Commercial crude oil drilling started in Oloibiri village in 1958. Frequent incidents of oil spills have exposed 
the region’s environment and inhabitants to serious health risk. [45] estimated approximately 6800 spills inci-
dent leaking about 3000,000 barrels of oil from 1976 to 2001. A similar report by [48], showed that there were 
253 oil spills in 2006, 588 oil spills in 2007 and 418 incidences in the first six months of 2008. 
2.1. Geographical Extent 
The Niger Delta is located in the southern part of Nigeria, bordering the Gulf of Guinea (Atlantic Ocean). The 
specific study area is located on longitude 5.05˚E and 7.35˚E and latitude 4.15˚N and 6.01˚N, covering approx-
imately 1294 km2 [49], which represents about 7.68% of Shell’s area of operation estimated at about 16,842 km2. 
The River Niger is the principal river in West Africa and the third largest water course in the continent, origi-
nating from Futa Jallon highlands in Guinea, flowing for over 4184 km in the north-east through Mali to the 
south east then linking Niger before running into Nigeria where it forms it largest tributaries with River Benue 
in Central Nigeria. The river continues towards the south of Nigeria for about 400 km to form a fan-shaped delta 
and finally empty into the Gulf of Guinea. 
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Figure 1. Location of the 374 communities across 8 adminstrative local government areas (LGAs) in Rivers state in the 
Niger Delta region of Nigeria also showing pipeline network.                                                        
2.2. Physical Characteristics 
Geologically, the study area is characterised by rain fed deltaic vegetation in places with high elevation, majori-
ty of the region is dominated by low-lying landforms. The soils found in this zone do not depend highly on cli-
mate and vegetation for their formation as most are the result of series of alluvium deposition over centuries ago. 
Most of the drilled wells in the coastal areas produce brackish (salty) water (not good for consumption) in some 
cases below 200 m from ground level; this could be due to oil contamination of the groundwater or fresh and 
salt water interaction. The surface water is drained by river systems mostly linked with channels and streams 
that are subjected to oil pollution in the upstream sections. The freshwater and deltaic estuaries (an area of inte-
raction between fresh and sea-water) covers approximately 3600 km2 and 6170 km2 respectively, these mostly 
flow from the River Niger and inland tributaries during the rainy season and backflow during the dry season due 
to tidal variation [50]. The vegetation generally consist of wide variety of trees and plants that include mangrove 
of different kinds, grasses, herbs and climbers, all attributed to the depositional nature of the shoreline [51]. Re-
port on Ogoniland gave serious insight on the magnitude of oil impact on the vegetation. The topography of the 
Niger Delta or Nigerian coastal areas is generally low-lying at about 2 m to 4 m above sea level [50]; this alone 
is an important factor that could influence oil spill migration. 
2.3. Socio-Economic Conditions 
[52] studied the socio-economic impacts of oil exploration activities on the local communities and their livelih-
ood. They argued that oil development in the Niger Delta has dramatically changed the local communities, and 
brought challenges to their traditional economic, cultural, and daily living conditions. Although crude oil pro-
duction has boosted Nigeria’s economy, the trickle down effects are hardly felt by ordinary members of the host 
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communities. Studies have shown that oil exploitation has had serious implications on the socio-economic 
wellbeing of the area. This includes loss of farms, fishing and other related businesses such as boat charters for 
tourist are affected. Many local economies have been destroyed; the increasing poverty rates have also impove-
rished the already poor communities [53]. Oil spills have not only caused damage to socio-economic activities 
of the communities, it has also caused food shortage due to the destruction of farmlands by oil pollution. 
3. Materials and Methods 
The spatial distribution of oil spills sites provided a means for determining communities likely to become sus-
ceptible to petroleum hydrocarbon contamination. For this assessment, communities in the area were treated as 
surrogate for human population and settlement while land, vegetation and rivers were considered the medium of 
land use. The thiessen polygon was developed in ArcGIS environment to demarcate boundaries of the commun-
ities (since no community boundary shapefiles is available) and determine the number of spill sites in each 
thiessen polygon that represents a community. Theoretically, any point in a given thiessen (voronoi) polygon is 
closer to the centroid of that polygon than any other point, therefore the nearest community is more susceptible 
[1] [54]. Thus, it is assumed that any oil spill (point) in a polygon is associated with that community. Table 2 
represents the first 20 communities with the highest number of repeated oil spill cases in the period under study. 
3.1. Type of Data and Source 
The data used in this study includes GPS data of 443 oil spill sites from 1985-2008, oil spill record and pipeline 
map layers acquired from the Department of Petroleum Resources in Nigeria (DPR, is the regulatory agency of 
oil and gas activities in Nigeria). In all, the data consist of about 374 communities across eight administrative 
local government areas (LGAs) of Rivers state in Nigeria (see Figure 1). A SPOT Satellite image was used to 
identify settlements and other land use in and around oil facilities. The pipeline system was digitised from the 
SPOT image to further augment identification of additional pipelines (not present in the earlier shapefile ac-
quired from DPR), oil installations and to determine proximity of communities to pipelines. A total of 314.3 km 
of pipeline network connecting flow-stations and storage terminals were identified from the DRP data and the 
SPOT image. The data were used to assess the oil spill spatiotemporal distribution and determine exposure sus-
ceptibility in the area. The oil spill datasets contains information on geo-coordinates of individual oil spill sites, 
date of spill, date of survey and quantity of crude oil discharged. From this information, the following statistics 
were obtained e.g. minimum crude (2 barrels) discharged on the 26th of August, 2003 and the maximum spill of 
3500 barrels which was discharged on the 24th of June, 2002. In terms of frequency of spills, the year 1985 rec-
orded a minimum of three incidents while 2007 had the maximum of 46 spills. Figure 2 shows the oil spill fre-
quency and quantities spilt from 1985 to 2008. 
3.2. Type of Data and Source 
The following analysis was performed: Spatial Analysis description for Average Nearest Neighbour Analysis, 
Getis-Ord General G tests for High and Low Cluster, Spatial Autocorrelation Analysis (global Moran’s I), and 
Cluster and Outlier Analysis in the study. These spatial analyses were undertaken to measure the spatial pattern 
and relationship between features that are spread over a given geographical region [55]. The methodology of 
four spatial analysis techniques has been illustrated in Figure 3. It helps in assessing and determining the close-
ness and patterns of the oil spill sites near settlements. The methods generated geographical distribution, cluster 
and pattern analysis of oil spills and spatio-temporal nature of the oil-spill incidents. No specific criteria were 
adopted in choosing the time interval or grouping of the spill period in the analysis. 
3.2.1. Average Nearest Neighbour 
This method is uses index number to determine if the nature of distribution is random or not. The index number 
is the difference between the observed and the expected mean distances of a random distribution [56] [57] de-
rived by dividing the observed distance with the expected distance. By adding all distances between pairs of 
nearest neighbours and dividing same with the number of features in a set, the observed mean distance is ob-
tained. Expected mean distance on the other hand is a hypothetical random distribution generated by default [56] 
[57]. Equations (1) to (5) are used in the average nearest neighbour procedure. When the index ratio is =1, the 
distribution is random; if it is >1, the distribution is disperse; but if it is <1, the distribution is cluster [55] [57].  
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Figure 2. Distribution of oil spill frequency and quantity spilt in log over time-period (1985-2008).           
 
 
Figure 3. Flow chart for the methodology adopted for the study showing four spatial techniques 
resulting in diferent analysis.                                                               
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where: OD  is the observed mean distance between features and their nearest neighbours derived by Equations 
(2) and (3). 
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ED  is the expected mean distance between the features derived. 
0.5
ED n A
=                                         (3) 
A is the study area, di is distance between feature i and its nearest neighbour, while n is the total number of 
features. 
O E
ANN
D D
Z
SE
−
=                                      (4) 
where SE is the standard error of the mean nearest neighbour distance [56] and 0.26136 a mathematical constant 
derived from the radius of a circle [57]. SE is derived by Equation (5): 
2
0.26136 .SE
n A
=                                      (5) 
3.2.2. Getis-Ord Genral G Test 
This method provides a way for locating hot spots (clusters of high values) and cold spots (cluster of low values). 
The calculation is based on a neighbourhood distance within which cluster is expected to occur [58]. This is 
based on the frequency of the oil spill incidents happening around the settlement, locating them as either high 
values of oil spills incidents or low values using Equations (6) and (7).  
( )
( )
( )
ij i ji j
i ji j
w X X
G d
X X
⋅
=
⋅
∑ ∑
∑∑
                               (6) 
where ( )G d  the General G-statistic for a distance is (d), iX  is the value of the target feature, jX  is the 
value of each neighbour and ijw  is the weight of the pair. 
( )
( ) ( )
( )
o E
G d
G d
G d G d
Z
SD
−
=                                 (7) 
where ( )G dZ  is the Z-score for G-statistics at distance ( )d ; ( )oG d  is the observed G distance; ( )EG d  is 
the expected G distance; and ( )G dSD  is the standard deviation for the expected G for that distance [59]. 
General G shows the type of cluster that exist (part of an area there are clusters of high values than other 
parts). General G measures the concentration of a parameter (oil spills), for example identifying the location 
where the largest number of oil spills are [59]. This method provide basis for determining the probability of 
cluster and random distribution without visual display. 
3.2.3. Spatial Autocorrelation Analysis (Global Moran’s I) 
This method measures clusters by location and value (quantity). Thus, it is able to identify whether quantity 
discharged has influence on cluster or not, using the Moran’s I function. Moran`s only shows data is clustered, 
dispersed or random (pattern detector). Moran Statistics generate the results to local diversity with significance 
z-score and identifies those clusters of points with values similar in magnitude and those clusters of points with 
very heterogeneous values. Since the oil spills are in points features, this method adopted techniques to convert 
them in to polygon for carrying out the analysis. The converted polygon is presented in a grid cell of 100 × 100 
meters that was created to count spills in each polygon using spatial join command in ArcGIS. By comparing the 
value for neighbouring spills, a difference between each pair of spills was obtained and cluster determined by 
locating the highest Z-Score for the polygon concerned according to Equations (8) and (9).  
( )( )
( )2
ij i ji j
ij ii j i
n W X X X X
I
W X X
− −
=
−
∑∑
∑∑ ∑
                            (8) 
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where IZ  is the Z-score for Moran’s I, oI  is the observed I and EI  is the expected I value. EISD  is the 
standard deviation of I expected distribution. 
p-values are the probability and z score is the standard deviation of the spatial distribution of the oil spill in-
cidents. The p-value is a numerical approximation of the area under the curve for a known distribution, such as 
numerical values of oil spill’s spatial distribution areas falling under the curve for the study site. Wherever there 
is very small p-value, it means it is very unlikely (small probability) that the observed spatial pattern is the result 
of random process, therefore the null hypothesis is rejected. Generally, the tails of the distribution have very 
high or very low z-score and that too is associated with very small p-values. When a pattern analysis tool is op-
erated and it results in small p-values with either very high or very low z-score, it is an indication that it is un-
likely that the observed spatial pattern is a reflection of the theoretical random pattern represented by null hypo-
thesis. Thus, if the Z score value is positive, it means that high values are cluster together, but if the Z score val-
ue is negative, it means that the low values are cluster together. 
3.2.4. Outlier Analysis 
This technique uses critical values (Z-score) to determine spatial relationships and/or distribution between oil 
spill sites and communities. This technique is considered better than the Getis-Ord General G test or the others 
as it produce map for visualization. Using this technique in ArcGIS environment will result in the creation of 
layer attributes and table for display and map symbology. Thus, in this way, a cluster pattern is examined using 
graphical display and map overlay of Outliers Spatial Analysis [60] [61]. Moreover, it provides feature pattern 
for analysis and display location of cluster in the results. In turn, locations which are identified as high cluster 
are assumed to be “hot spots” and low clusters as “cold spots”.  
3.3. Characteristics of the Oil Spill 
To determine the characteristics of spill incidents, the spills were analysed according to factors, frequency and 
quantity. Although there are several causes of oil spills in literature, the causes considered in this analysis are 
categorised into four; namely corrosion, production error, interdiction and unknown factors. The reason for the 
high frequency and low discharge attributed to production error may likely be linked to workers immediate re-
sponse, which minimises the quantity of oil discharged, or that workers underreport quantity of oil spilt from 
production [2]. Spills by “corrosion” refers to those caused by internal and external decay of pipes due to old 
age and chemical reaction; “production error” on the other hand refers to oil spills caused by system failure and 
human error; “interdiction” on the other hand refers to oil spills caused by intentional TPD such as vandalism, 
sabotage, bunkering and theft; finally “Others and yet to be determined” are spills whose cause are unknown or 
undecided by the reporting inspection teams. 
4. Results 
4.1. Frequency Distribution of Oil Spills 
The results of factors responsible for the oil spills are presented in the 1985-2008 graphs. Figure 4(a) reports the 
oil spills caused by interdiction where the peaks were observed in 1991, 1993, 2001 and 2007, while the lowest 
numbers were observed in 1987, 1988, 1989, 1996 and 2004. The oil spills by corrosion has seen a somewhat 
different trend than the interdiction. The highest peak for the corrosion factor was observed in year 1994 
(Figure 4(b)). Whereas, the highest peak for production error was observed in the year 1995 (Figure 4(c)) and 
unknown factors peaked in 2007 (Figure 4(d)). The spills due to unknown factors showed fluctuations that is 
sometime no incident of oil spills. The frequency and quantity (severity) of spills showed that interdiction factor 
discharged the largest quantity of oil spills among all factors, even when it is responsible for less than 32% of oil 
spill incidents in the period under examination. 
Oil spills due to production error occurred 154 times, which is the highest number, while the lowest corres-
ponding to unknown factors, total 36 (see Table 1). Though, production factors correspond to the highest fre-
quency of oil spills, it discharged almost 3.5 times less than interdiction. This is due to spills from production  
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(a) Interdiction                                                  (b) Corrosion 
 
(c) Production Error                                               (d) Unknown 
Figure 4. Flow chart for the methodology adopted for the study showing four spatial techniques resulting in diferent 
analysis.                                                                                                    
 
Table 1. Frequency and statistics of oil spills during time interval.                                                      
Period 
Oil spill characteristics (1985-2008) 
Cause Statistics in barrels (bbl) 
Corrosion Others Production Interdiction YTD No. Quant. Min. Max. Mean 
1985-1988 5 4 14 3 - 26 12259 27 2761 471.5 
1989-1992 17 3 23 14 - 57 22980 14 2134 403.1 
1993-1996 37 1 46 18 - 102 21548 4 2043 211.2 
1997-2000 19 5 32 19 - 75 15999 5 2000 212.3 
2001-2004 7 4 22 24 6 63 15628 63 3500 248 
2005-2008 28 1 17 62 12 120 41164 2 3012 343 
Total 113 18 154 140 18 443 129578    
YTD: are yet to be determined cases. 
 
error being under-reported or controlled, while the opposite may be the case with interdiction, where spills must 
first be discovered and reported before contingency plan is activated [2] [62]. For this reason, it may take longer 
for operators to dictate on-going spills from interdiction due to ineffective leak detection system and poor spill 
contingency protocol [2]. The distribution of oil spills caused by all factors did not reveal any definite patterns. 
4.2. Spatial Analysis of Oil Spills 
To establish pattern and evaluate relationships between frequency, quantity and locations of oil spills, the spill 
incidents are divided into six categories of four years interval (see Table 2). The present study investigates the  
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Table 2. List of top 20 communities with the highest total spill incidents in the period.                                       
Sn Community 1985-1990 1991-1996 1997-1902 2003-2008 Total Quant. 
1 RUSSIA 7 21 13 18 59 23,219 
2 ONONGISUO 2 13 21 9 45 12,399 
3 ADERIKIRI 2 9 10 11 32 6812 
4 GOGOBOKIRI 5 12 6 4 27 8531 
5 FESTUSKIRI 2 12 5 8 27 6740 
6 IJAWKIRI x 11 1 12 24 10,067 
7 EGOROBITI 1 10 9 3 23 8740 
8 DAOJUKIRI/ABABO 3 4 5 2 14 5021 
9 ABABOKMO x 4 5 3 12 1432 
10 ASUMEBUAMA 5 2 1 x 8 1001 
11 DAWARI 4 2 2 x 8 2856 
12 OPOMAKIRI 1 4 3 x 8 1666 
13 OBONOMA x 2 x 5 7 430 
14 OKIKIRI x 1 2 4 7 416 
15 OKPO x x x 7 7 2261 
16 BANKIRI x 1 1 5 7 2648 
17 FENIPANGA x 1 4 1 6 102 
18 ETAM KALBAN x x x 6 6 365 
19 OMEKWE-TARI-AMA x x x 6 6 1451 
20 KILLYKIRI 3 2 1 x 6 1831 
 
pattern and cluster of oil spills distribution using four different spatial analysis techniques to determine the sus-
ceptibility of the communities around oil facilities. The outcomes of all four spatial techniques are discussed 
below: 
i) The Average Nearest Neighbour analysis of the spill distribution indicates that there is less than 1% like-
lihood that the distribution is random, with an index ratio of 0.19, and the distribution tends toward cluster with 
an index ratio of less than 1 at 0.01 significant levels. The observed and expected mean distances are 196.14 m 
and 1042.44 m respectively with a Z-score of −32.69; p-value = 0.000 also at 0.01 significant level.  
ii) Getis-Ord General G-test analysis was performed to locate the hot spots (clusters of high values) as well as 
cold spots (cluster of low values). The calculation is based on a neighbourhood distance within which cluster is 
expected to occur [58], hence the Distance Band Neighbour (DBN) count was calculated to determine average 
equidistance for six neighbouring spill sites at 923.96 m (Min = 0 m, Max. = 14142.6 m). The DBN of 923.96 
was rounded to 1000 m for calculating the General G test and to determine the extent of Z-scores. The determi-
nation of Z-scores and estimation of high and low cluster zones was analysed for 1 km at 200 m intervals as 
shown in Figure 5, which showed that at a distance of 400 m, the Z-score is highest i.e. 0.47 (p-value of 0.63 at 
0.10 significant level). This means that there is significant cluster of high quantity spills at every 400 m within 
the study sites. 
iii) Spatial autocorrelation (global Moran’s I), was used to assess the oil spills cluster by location and values. 
This method was applied for a distance of 1 km at 100 m intervals (see Figure 6). Since, the oil spills are in 
points but the method is suitable for polygons only, we created grid cells of 100 × 100 m to count spills in each 
polygon using spatial join command in ArcGIS. The neighbouring oil spill values were compared, and differ-
ence between each pair of neighbouring oil spill values was obtained and cluster determined by locating the 
highest Z-Score shown in Figure 6. The analysis revealed a general decrease in cluster with increase in distance, 
so oil spills are inversely proportional to the distance from oil facilities/oil sources. Therefore, it is inferred that  
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Figure 5. High and low clustered oil spill sites with similar quantities within 200 m interval.               
 
 
Figure 6. Spatial autocorrelation showing cluster of oil spills by location and quantity at 100 
m intervals.                                                                                
 
large quantities of oil spills are found within 100 m and low quantities oil spills are seen at farthest distance (see 
Figure 6). 
The Moran’s index for a 1 km distance is equal to 1.75 which is greater than 0. Thus, signifying cluster pat-
tern i.e. “similar values are found together”. The highest critical value for 100 m is 3.83 with p-value = 
0.000130 at 0.01 significant level. Given the Z-score of 1.75 at the 1000 m interval, there is less than 1% like-
lihood that the cluster is the result of a random chance and there is high probability of finding larger quantities 
of oil spills within 100 m. Based on the result, it is safe to assume that there is a very high certainty that the 
source of spill responsible for discharging such large quantities of crude oil may be located in close proximity 
e.g. to storage tanks, oil gathering terminals or points of massive interdiction. 
iv) Cluster and Outlier Analysis, of the spill pattern and results, revealed the locations with high cluster pat-
tern as “hot spot” and low cluster as “cold spot” as shown in Figure 7(a). The technique identifies clusters with 
large quantities or high values (denoted by “HH”), small quantities or low value clusters (denoted by “LL”). 
“HL” denotes large quantities or high value outliers surrounded by low values while “LH” represents small 
quantities or low value outliers surrounded by large quantities or high values as shown in Figure 7(b). 
The cluster and outlier analysis is shown in Figure 7(b), revealing oil spill clusters in terms of quantity ac-
cording to “HH” and “HL” represents clusters of large quantity of oil spills and outliers surrounded by small  
S. Whanda et al. 
 
 449 
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Figure 7. Showing cluster and Outlier Analysis for (a) hot and coil spots assessment of repeated oil spill incidents 
and (b) quantity discharged in each spill.                                                                      
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quantity spills respectively. The LMi Z-score (Local Moran I) represents the significant level showing that most 
spills (quantity) are between −1.0 - 1.0 and >2.0 at 0.05 significant levels. In this result, it is clear with the aid of 
Figure 7(b) that the large quantity spills are closer to communities compared to the smaller ones. Figure 7(a) on 
the other hand, shows sites with high and low incidents for the oil spills in the studied communities. The “HH” 
locations are places where there has been consecutive spill occurance in the 24 years under examination, like-
wise the “LL” locations are places with less repeated spill incidents. The “HL” and “LH” are outliers describing 
locations with either few repeated spills or more, but not clustered. 
4.3. Exposure Susceptibility 
Since exposure takes place through direct and indirect contact with contaminated surfaces, the receptor (human 
population) must be in close proximity or have access to contaminant’s pathway (see Figure 8). As a result, the 
communities with multiple cases of oil spill incidents stand greater chance of exposures through contaminated 
water, air and soil. Usually exposure pathways occur through ingestion, inhalation and dermal contact with con-
taminated environmental media over time. These exposure pathways can occur simultaneously or separately de-
pending on the type and method of land use being undertaken e.g. farming, fishing, hunting, wild gathering and 
sourcing for water from contaminated abstraction points [50]. Table A1 presents land-use potential receptors, 
estimation of exposure duration and averaging time proposed in Shittu [50]. Each of these pathways is measured 
to determine the rate of exposure via individual or collective pathways, in order to ascertain the degree of expo-
sure and risk posed to particular receptor(s). Table A2 gives guideline for target and intervention values for 
some aromatic hydrocarbons allowed by the Environmental Guideline and Standard for Petroleum Industries in 
Nigeria (EGASPIN) published by the DPR in 2002. Target and intervention values according to [52] are values 
for determining concentration or threshold levels of hydrocarbon contaminants in soil and water. The interven-
tion value triggers remediation protocol or indicate a critical value to which the site must be remediated, while 
the target value signify the value which a site must not exceed [51] [63].  
In deciding exposure scenarios, the concept of contaminated land is adopted to provide basis for establishing 
source-pathways-receptor relationship. Here, the historic oil spill sites conform to the UK’s definition of conta-
minated land as described in Part IIA of the Environmental Protection Act, 1990. Figure 7 includes exposure 
analysis in terms of its impact over several factors such as human dwellings and Land use land cover (LULC) of  
 
 
Figure 8. Oil Spill Impacted areas (communities) indicating period of spill incident and location of possible susceptible 
communities (human receptors).                                                                                     
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the study site including freshwater swamp, plantations, mangrove forests, urban settlements (major and minor), 
and rivers (major and minor). Even human dwelling and resources are exposed to the oil spill incidents located 
near or far from oil installation and pipelines as shown in Figure 7. The exposure is related to the distance of the 
communities from the oil spill incident sites that happened during different time-periods from 1985 to 2008, 
demonstrated in 4 years slots. Human symbol illustrates the settlement communities in the figure and red line 
symbolises the pipelines network while oil installation is represented with red box. 
5. Discussion 
A total of 59 communities were found to have had one or more spill incidents at one time or another in the pe-
riod under study. The communities listed in Table 2 are arranged in order of severity (frequency) and shown in 
Figure 8 to indicate susceptibility, which can be influenced by: a) repeated occurrence of oil spill incidents, b) 
proximity and presence of source of hydrocarbon discharge and c) land use exposure opportunities. These 
communities represent about 15.8% of communities in the study area with a population of 168,747, being 13.5% 
of entire population in the study area. Collectively they had 443 spill incidents and discharged a total of 129,578 
bbl of crude oil from 1985-2008 (Table 1).  
There is an indication of severe oil pollution in communities with multiple spill incidents. This is supported 
by the ability of some hydrocarbon components to persist longer in the environment thereby increasing the con-
centration of none degradable and trapped hydrocarbons in the environment [40] [51]. Although the affected 
sites may seem like fixed-point hazards, oil plume can migrate to adjourning land areas through surface and 
subsurface pathways. The United Nations report on the assessment of polluted sites in Ogoni-land revealed high 
concentrations of Total Petroleum Hydrocarbon (TPH) in samples collected several meters away from discharge 
points [51]. This information is important because the people depend on subsistence lifestyles of farming, ga-
thering, fishing, hunting etc. and may be in constant contact with hydrocarbon contaminants in soils, water and 
air in their daily land use activities, which can make them vulnerable to unnecessary exposure opportunities and 
increase their susceptibility to health risks associated with hydrocarbon contaminants over time. The exposure 
duration relative to age, sex and type of land use has been estimated in Table A1 while Table A2 indicates tar-
get and intervention values legally allowed for benzene, toluene, ethylbenzene and xylene in ground water and 
soil sediments by the regulatory agency (DPR).  
Although it is difficult to separate acts of political sabotage from theft, agitation for resource control and en-
vironmental movement in the Niger Delta struggle, has become intertwined and can only be resolved if the po-
litical, social, environmental and economic issues generated by uneven distribution of the cost and benefit of oil 
production are treated holistically. Perhaps this is why communities located in and around oil installation tole-
rate or participate in pipeline interdiction for either monetary gain or in protest. In addition, the nature of cluster 
of large quantity oil spills within 100 m revealed by the spatial analysis methods, and the theissen polygon allo-
cation of spill sites supports community involvement. Also the presence of waterways and river channels in the 
creeks can provide easy access, which may encourage theft and evacuation of stolen crude oil for sale to artisan-
al (locally made) refineries or international black market.  
Thus, results presented analysis of four techniques in Niger Delta region. Average nearest neighbourhood 
showed that the probability of oil spill distribution is a cluster distribution for the oil spills in the region (ratio < 
1 with index value 0.19). The Getis-Ord General G tests indicated significant cluster of high quantity spills 
within every 400 m of a spill sites. The Moran’s I index indicated the cluster pattern of the oil spills value ranges 
from 0.396 - 3.83 at interval of 200 m. Outlier method analysed the quantity of oil spills incident in the region 
and frequency of the oil spill incidents. The cause of oil spills notwithstanding, it is obvious that the pipeline 
monitoring system of oil companies has not been effective. Otherwise the cluster pattern of large quantity of oil 
spill sites would be minimal, except if the remote nature of the area hinders rapid response time, and/or presents 
difficulties for regular pipeline integrity management.  
6. Conclusions 
The aim of the study was to use geo-spatial analytical techniques to determine and assess the distribution pattern 
and susceptibility of communities living near oil facilities. Four techniques were used in the analysis to identify 
communities that are susceptible to oil spills in the study area.  
• The average neighbourhood index indicated oil spill distributions to be significantly clustered while the Ge-
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tis-Ord General G-test technique showed significant cluster of high quantity spills at every 400 m within the 
study sites. Spatial autocorrelation (global Moran’s I) on the other hand inferred that large quantities of oil 
spills are found within 100 m and low quantities of oil spills at farthest distance. 
• The potential effect of oil pollution on human health is of great concern due to impact of oil spills in social, 
physical and economic terms. The health condition of people living in the area is at risk because of their 
daily interactions with contaminated environmental media while conducting their socio-economic land use 
activities. Although some of the people may have the choice of relocation, others may have no option other 
than to continue using the same contaminated space because of land scarcity and poverty.  
• According to the pattern of spill distribution, pipeline monitoring and response plans can be centralised 
along the hotspots or cluster points where settlements exist. As a result, geospatial technology can be used to 
map pipeline distribution, pattern and proximity to sensitive environmental receptors in the region, and 
identify the type of land use practice of communities located along pipelines routes.  
• Thus, results from this study can be useful to oil regulators and operators in addressing future occurrences. It 
may also be useful to consider alternative location by relocating oil facilities to minimize impact on nearby 
communities. 
• A framework for integrating oil producing communities in oil production decision-making process would 
give the people a sense of belonging and motivate them to fight against interdiction of oil facilities, and by 
extension reduce the rate of oil spill incidents and oil pollution. 
• The oil company’s environmental standards must be regulated by government, which must enforce “best 
available technology” and “good oilfield practice” as well as educate oil producing communities on the en-
vironmental impact of oil spill and risks of prolonged exposure to petroleum hydrocarbons. 
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Appendix 
Table A1. Land-use potential receptors, estimated exposure duration and averaging time (Shittu, 2014).                             
No. Activities Possible exposure route Potential receptor Est. exposure duration and frequency per year 
Est. averaging time 
for 30 yrs adult and  
6 yrs child 
1 Farming 
i) Inhalation of contaminated dust particles 
during soil tilling. 
ii) Ingestion of contaminated farm produce 
or soil ingestion by means of  
substance-to-hand-to-mouth (IPCS, 2005). 
iii) Dermal contact through deposition of  
suspended particles on parts of the body. 
Members of the family 
who provide farm labour, 
i.e. children and adults. 
ED = 5 hrs/day, 5 days/week for 8 
months (240 days) being the length of 
the farming season. 
( )5 8 30 171 day year
7
EF x= × =  
8 months duration of cultivation 
Adults’ AT 171 days × 
30 yrs = 5130 days 
Children’s AT 
171 days × 6 yrs = 1026 
days 
2 Fishing 
i) Dermal contact: direct and indirect skin 
contact with contaminated water during 
fishing. Indirect contact transfers  
contaminants from soaked cloth to skin. 
ii) Inhalation of volatile hydrocarbons from  
a freshly-spilled surface can be significant.  
Inhalation during fish smoking (a  
preservation technique with heat and 
smoke). Release trapped hydrocarbons in 
fish tissue into the ambient air for inhalation. 
iii) Ingestion can occur by ingesting  
contaminated water and fish. Consumption 
of contaminated fish is a potential source  
of exposure. 
Children and adults 
involved in fishing, fish 
preparation, and fish 
consumption. 
ED = 6 hrs/day, 5 days/week for a year. 
( )5 365 261 day year
7
EF x= =  
Adults’ AT = 261 × 30 
= 7830 
Children’s AT = 261 × 
6 = 1566 
3 Hunting 
i) Dermal contact may occur when a hunter’s 
trap site becomes polluted. Direct and  
indirect contact via deposition of suspended 
hydrocarbons on skin or from cloth to skin, 
as he travels through different layers of 
polluted surfaces. 
ii) Ingestion from surface-to-hand-to-mouth 
or ingesting contaminated wild fruits. 
iii) Inhalation during movement from one 
trap site to another is possible since it  
involves travelling within and between 
changing layers of polluted air. 
The receptors are  
children and adults  
performing this activity. 
ED = 5 hrs/day, 5 days/week for a year.  
( )5 365 261 day year
7
EF x= =  
Adults’ AT = 261 × 30 
= 7830 
Children’s AT = 260 × 
6 = 1566 
4 Gathering 
i) Inhalation when gathering on or near a 
polluted site; inhalation of contaminated air 
or dust particles within a polluted  
microenvironment is possible. Also, burning 
of wood can release trapped hydrocarbons in 
plant tissue. 
ii) Dermal contact can occur while walking 
through polluted sites or being in contact 
with contaminated surfaces. Suspended 
hydrocarbons can deposit on leaves and be 
transferred while walking past. 
iii) Ingestion is not common in this activity 
except if wild contaminated fruits are  
consumed or surface-to-hand-to-mouth 
contact occurs. 
Women and children are 
the critical receptors in 
this activity because they 
are more involved with 
cooking and gathering. 
ED = 5 hrs/day, 5 days/week for a year. 
( )5 365 261 day year
7
EF x= =  
Adults’ AT = 261 × 30 
= 7830 
Children’s AT = 261 × 
6 = 1566 
 
Table A2. EGASPIN target and intervention values for soil and groundwater (EGASPIN, 2002) [63].                                     
Substance 
Soil/sediment Groundwater 
(mg/kg dry material) (μg/l) 
Aromatic Target value Intervention value Target value Intervention value 
Benzene 0.05 1 0.2 30 
Ethylbenzene 0.05 50 0.2 150 
Toluene 0.05 130 0.2 1000 
Xylene 0.05 25 0.2 70 
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